It has recently been reported that radiation enhances mitochondrial energy metabolism in various tumor cell lines. To examine how this radiation-induced alteration in mitochondrial function influences tumor cell viability, various lipophilic triphenylphosphonium (TPP + ) cation derivatives and related compounds such as 4-hydroxy-2,2,6,6-tetramethyl-1-oxy-piperidin (Tempol) with TPP + (named "Mito-") were designed to inhibit the mitochondrial electron transport chain.
Introduction
Unlike normal cells, most cancer cells generate energy by converting glucose to lactate even in the presence of oxygen, a unique metabolic feature called aerobic glycolysis. Consequently, the majority of glycolysis-derived pyruvate in cancer cells is believed to be diverted to lactate fermentation and kept away from mitochondrial oxidative metabolism. Despite this well-known metabolic phenotype of cancer cells to genotoxic damage (apoptosis, cell cycle checkpoint activation, and DNA damage repair) [10] . However, no experimental evidence suggests that this increase in ATP is essential for survival of tumor cells. If the radiation-induced activation of mitochondrial function is indispensable to irradiated tumor cell survival, specific and moderately inhibitory reagents targeting the mitochondrial electron transport chain (ETC) might enhance the tumor cell cytotoxicity of radiation therapy.
Triphenylphosphonium (TPP + ) conjugated with biologically active small molecules such as thiol probes [11, 12] , spin-traps [13] [14] [15] , superoxide probes [16] , and antioxidants [17] [18] [19] have been developed to modify mitochondrial function against various oxidative stresses, as summarized by Murphy et al. [20] . Recently, more hydrophobic longer alkyl chain TPP + derivatives, i.e., decyl TPP + (C 10 TPP + ) and dodecyl TPP + (C 12 TPP + ), were reported to inhibit oxidative phosphorylation in mitochondria irrespective of the characteristics of the conjugated active small molecules.
Trendeleva et al. revealed that micro-molar concentrations of C 12 TPP + inhibited state 3 respiration, decreased mitochondrial membrane potential, and potentiated the uncoupling effect of fatty acids, leading to mitochondrial swelling [21, 22] . Furthermore, C 10 TPP + and C 12 TPP + were shown to increase proton leakage, decrease maximal respiration, and inhibit the activities of complex I and III [23] . Treatment with Mito-Q (coenzyme-Q conjugated to a C 10 TPP + ) and Mito-CP (a 5-membered nitroxide, CP, conjugated to a C 11 TPP + ) in the presence of 2-deoxyglucose were also reported to potently inhibit cellular ATP generation and enhance cell death in human breast cancer MCF-7 cells, despite these TPP + compounds possessing anti-oxidative activity [21] .
These findings indicate that the longer alkyl chain TPP + derivatives effectively inhibit mitochondrial oxidative phosphorylation.
In the present study, a series of lipophilic TPP + derivatives and related compounds shown in Figure 1A (TPP + , named "Mito-"); Mito-(CH 2 ) 10 -Tempol (M10T), Mito-(CH 2 ) 5 -Tempol (M5T), Mito-(CH 2 ) 10 -Tempol-Methyl (M10T-Me), C 10 H 21 -Tempol (10T), and (1-decyl) triphenylphosphonium bromide (M10), were newly synthesized. The relationship between the structures of these compounds and their effects on mitochondrial membrane potential and ROS production were evaluated in HeLa cells and A549 cells. To clarify how radiation-induced increases in mitochondrial energy metabolism influence tumor cell viability, the effects of sub-lethal doses of these lipophilic TPP + derivatives on colony-forming ability of tumor cells exposed to X-rays were examined.
Materials and Methods

Reagents
M10T, M5T, M10T-Me, and 10T were synthesized as described in supplemental information. M10 was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Other reagents without specific descriptions were obtained from Wako Pure Chemical Industries (Osaka, Japan). The following antibodies were used for immunoblotting: anti-Lamin B (Calbiochem/Merck Millipore, Darmstadt, Germany), anti-voltage-dependent anion-selective channel protein 1 (VDAC1), anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and horseradish peroxidase (HRP)-conjugated secondary antibodies (Santa Cruz Biotechnology).
Cell culture
Human cervical adenocarcinoma cells (HeLa) and human lung carcinoma cells (A549) were purchased from the RIKEN Cell Bank. These cell lines are widely used in analyses of radiosensitivity due to their high plating efficiency and stable radioresponse [24] [25] [26] . Cells were grown in D-MEM medium (Gibco-BRL/Thermo Fisher Scientific Co., Carlsbad, CA, USA) and RPMI 1640 medium (Gibco-BRL/Thermo Fisher Scientific Co.), respectively. Both media were supplemented with 10 % fetal bovine serum (FBS: Biowest, Nuaille, France). Cells were maintained at 37°C in 5% CO 2 / fraction at each dose was calculated with respect to the plating efficiency of the non-irradiated control, the mean ± standard deviation (S.D.) of the surviving fractions obtained from three experiments was plotted. The survival curves were fitted to a linear-quadratic (LQ) model: SF = exp (− αD − βD 2 ), where SF is the surviving fraction and D is the physical dose, by data analysis software Origin Pro 7 (OriginLab Co., Northampton, MA, USA).
Detection of nitroxide in mitochondria by electron spin resonance (ESR) spectroscopy
Isolation of intact mitochondria was performed according to the method of Trounce et al. [27] with some modifications. Briefly, the suspension of HeLa cells (1 × 10 7 cells) was treated with 10 µM M10T, M5T, or 10T for 30 min at 37 °C. After twice washing with PBS(-), cells were resuspended in ice-cold isolation buffer (2.5 mM Hepes-KOH, pH 7.4, 70 mM sucrose, 220 mM mannitol, 1 mM EGTA). This was followed by repeated passages through a glass-Teflon Potter-Elvehjem pestle and glass tube. Nuclei and debris were collected by centrifuging the suspension twice at 1000 g for 10 min at 4°C, and resuspending in 100 µL lysis buffer (50 mM Tris-HCl, pH 7.5, 1% [vol/vol] Triton X-100, 5% [vol/vol] glycerol, 5 mM EDTA, and 150 mM NaCl).
The supernatant was further centrifuged twice at 10000 g for 10 min at 4°C, and the obtained pellet was resuspended in 100 µL of lysis buffer. This resuspension was the mitochondrial fraction. Final supernatants (1.8 mL) were collected and represent cytoplasmic fractions, diluted to one-eighteenth of the relative concentrations of the nuclear and mitochondrial fractions. The protein concentration in each subcellular fraction was determined using the Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA). To confirm the purity of each cell fraction, immunoblot analysis for specific markers of each fraction was performed, as described in our previous study [8] .
Spin probe content in each fraction was determined by oxidation of the sample with 2 mM K 3 Fe(CN) 6 to convert cyclic hydroxylamines into nitroxides, which can be detected by ESR. Briefly, 70 µL of each fractionated suspension was mixed with 56 µL of acetonitrile after a 5 min incubation with 14 µL of K 3 Fe(CN) 6 . One hundred and ten microliters of the oxidized sample was loaded into a quartz flat cell (Radical Research, Tokyo, Japan) and ESR spectra of nitroxide radicals were recorded using a JEOL-RE X-band spectrometer (JEOL, Tokyo, Japan) under the following conditions: incident microwave power, 5 mW; receiver gain, 100; microwave frequency, 9.1 GHz; field modulation amplitude, 79 µT; scan range, ± 7.5 mT.
Measurements of mitochondrial membrane potential and mitochondrial ROS
Tetramethylrhodamine methyl ester (TMRM, Thermo Fisher Scientific Co.) and MitoSOX red (MSR, Thermo Fisher Scientific Co.) were used as fluorescent probes for mitochondrial membrane potential and for mitochondria-derived ROS, respectively [28] . Exponentially growing HeLa cells in 60 mm dishes were treated with 1.5 µM of each compound and/or 10 Gy of IR. At predetermined times after treatment, cells were trypsinized and washed twice with ice-cold PBS(-). Cells were then incubated in serum-free medium containing 20 nM TMRM or 5 μM MSR for 30 min at 37°C. After resuspension in PBS(-), cells were analyzed using an EPICS XL flow cytometer (Beckman Coulter, Fullerton, CA, USA). The mean fluorescence intensity of each sample was normalized to that of a control sample to calculate relative fluorescence intensity.
ATP measurement
After IR and/or treatment with compound, adherent cells were collected from 6-well plates by trypsinization, and cell suspensions were prepared at 1.25 × 10 5 cells/ml. For measurement of cellular ATP, a luciferin-luciferase ATP assay system (Toyo-ink, Tokyo, Japan) was used, according to protocols provided by the manufacturer.
Statistical analysis
All results were expressed as means ± S.D. The variance ratio was estimated using the F-test, and differences in group means were determined using Student's t-test or Welch's t-test. In some experiments, we performed one-factor analysis of variance (ANOVA) and subsequent Dunnett's test. The minimum level of significance was set at p < 0.05.
Results
Compounds with TPP + and alkyl chains of 10 carbons exhibited relatively high toxicity
To test the toxicity of lipophilic TPP + derivatives and their related compounds, we first performed a clonogenic survival assay for integrated evaluation of multiple Table 1 reveal potent cytotoxicity with M10T, M10, and M10T-Me, whose structures contain TPP + and 10 alkyl chains, and their IC 50 values were in the sub-micromolar range for both cell lines. The structurally identical analogs of 10T that lack the TPP + moiety, and M5T with its 5 alkyl chain did not produce cytotoxicity, suggesting that the TPP + moiety, and the long alkyl chain are essential for cytotoxicity. Based on these data, we used 1.5 µM for HeLa cells and 0.5 µM for A549 cells, as sublethal doses of M10T, in subsequent experiments. Cell survival after HeLa or A549 cell treatment with these respective concentrations of M10T were 80 % or greater.
Compounds with 10-carbon alkyl chains decreased mitochondrial membrane potential and increased ROS from mitochondria
We next evaluated mitochondrial membrane potential after treatment with lipophilic TPP + derivatives or related compounds using the fluorescent probe TMRM and a flow cytometer. As shown in Fig. 2A , treatment with M10T, M10, and M10T-Me for 12 h remarkably depolarized the mitochondrial membrane, while treatment with M5T was much less effective. Because 10T also significantly decreased mitochondrial membrane potential, the long, 10-carbon alkyl chain structure appears to be responsible for depolarizing the mitochondrial membrane.
To investigate the possibility that mitochondrial dysfunction caused by lipophilic TPP + derivatives increases ROS, we quantitated cellular mitochondrial ROS using an MSR-based flow cytometric method. M10T, M10, and M10T-Me, in addition to depolarizing the mitochondrial membrane, were found to increase mitochondria-derived ROS, indicating that ROS leakage from mitochondria accompanied lipophilic TPP + -induced mitochondrial dysfunction ( Fig. 2B ).
M10T accumulates in the mitochondria with high efficiency
Next, in HeLa cells, we assessed the sub-cellular distribution of M10T, M5T, and 10T, whose structures contain nitroxyl radicals, using ESR spectroscopy. After treatment with these compounds, subcellular components were fractionated. Purity of fractions was confirmed by western blot for specific markers (Fig. 3A) . Mitochondrial, nuclear, and cytoplasmic fractions were analyzed by ESR. Figure 3B shows representative ESR spectra of mitochondrial and nuclear fractions derived from 5.5 × 10 6 cells, and cytoplasmic fraction derived from 0.31 × 10 6 cells. While triplet ESR signals due to nitroxide radicals were observed in all fractions from cells treated with M10T, M5T, and 10T, their signal intensities were quite different from each other.
Quantitative data in which cell numbers have been adjusted to 1 × 10 7 and normalized to the mitochondrial fraction of M10T-treated cells are shown in Fig. 3C . While all tested compounds show significantly higher uptake into mitochondria than into nuclei, the uptake of M10T into the mitochondrial fraction was much higher than that of M5T, which has shorter alkyl chains, and that of 10T, which does not contain TPP + . These results suggest that both the long-alkyl chains and the TPP + moiety are required for high uptake into mitochondria.
Compounds with TPP + and 10-carbon alkyl chains demonstrated radiosensitizing activity
We next tested the radiosensitizing effects of these compounds at sublethal concentrations (determined with data in Fig. 1B) . In both HeLa and A549 cells, treatment with M10T, M10, and M10T-Me, but not 10T or M5T, decreased survival after IR (Fig. 4) . Table 2 
M10T inhibited IR-induced ATP production, but did not influence the effect of IR on mitochondrial membrane potential and the production of ROS from mitochondria
To decipher the mechanism of radiosensitization by the lipophilic TPP + derivative M10T, the combined effects of M10T and IR on mitochondrial membrane potential, mitochondrial ROS levels, and ATP production were examined. As shown in Intriguingly, there is no significant difference between the M10T group and the combination group (Fig. 5B ). As shown in Fig. 6 , a luminescent ATP assay demonstrated that IR significantly upregulated ATP production in HeLa cells in accord with our previous report on A549 cells [7] . Intriguingly, combination treatment with M10T completely abrogated the IR-induced increase in ATP production. This tendency was also observed in M10T-Me-and M10-treated cells. On the other hand, 10T and M5T, which did not induce radiosensitization, had no influence on basal ATP levels or the increment amount by X-irradiation on ATP levels. These results suggest that M10T inhibits cellular ATP production in response to IR, leading to radiosensitization. Furthermore, C 10 TPP + and C 12 TPP + were shown to reduce mitochondrial membrane potential by inhibiting complex I and III [23] . As shown in Fig. 1B , sub-lethal concentrations of M10T, M10T-Me, and M10 are 1.5 M and 0.5 M for HeLa and A549 cells, respectively. In addition, mitochondrial membrane potential in HeLa cells was strongly depressed not only in the presence of sub-lethal doses of M10 and M10T-Me, but also M10T, even though tempol is known to be a strong antioxidant.
Discussion
In this report, sub-lethal concentrations of TPP
Moreover, production of ROS from mitochondria was increased by treatment with M10, M10T-Me, and M10T, as shown in Fig. 2B . These findings indicate that lipophilic decyl TPP + compounds inhibit oxidative phosphorylation in mitochondria irrespective of characteristics of the conjugated small molecule. Furthermore, M5T and 10T induced little decrease in mitochondrial membrane potential, and the accumulation of M5T and 10T in mitochondria was small in comparison with that of M10T, as revealed by ESR detection in Fig. 3 . These observations indicate that a longer lipophilic alkyl chain and TPP + are necessary to inhibit ETC function and accumulate in the mitochondria. The lipid composition of the mitochondrial membrane controls its fluidity, and membrane potential, and thereby regulates cell death [29] , and exogenous long chain free fatty acids (FFA) are reported to interfere with complex I and III in mitochondrial ETC [30] .
The mechanism of ETC inhibition by longer lipophilic alkyl chains in TPP + is unclear, but incorporation of lipophilic long alkyl chains into the mitochondria inner membrane may play a key role.
Treatment with sub-lethal concentrations of M10T, M10T-Me, and M10
induced radiosensitization in HeLa cells and A549 cells (Fig. 4) , whereas inhibition of the ETC abrogated radiation-induced increases in ATP concentration and OCR ( Fig. 6 and supplemental Fig. 1 ), but not the mitochondrial membrane potential (Fig. 5A ).
Moreover, while treatment with M10T or X-irradiation alone increased mitochondrial ROS production, combined treatment showed no further amplification of this effect (Fig.   5B ), suggesting that the M10T-induced increment of mitochondrial ROS production itself does not contribute to its radiosensitization. These results led us to hypothesize that M10T-induced impairment of ATP-dependent cellular survival systems (antioxidant defense, DNA repair, cell cycle checkpoints) triggers inhibition of proliferation, resulting in cell death. As shown in Supplemental Fig. 2, similar results were obtained when using a lower dose of X-irradiation (5 Gy instead of 10 Gy). Furthermore, the correlation between compounds that are radiosensitizing and compounds that abrogate radiation induced upregulation of ATP production also support our hypothesis. Wang and Yi (2008) have proposed a novel strategy of manipulating intracellular ROS or antioxidant levels in chemical and radiation cancer therapy [31] . In this strategy, when both tumor and normal cells are exposed to equal intensities of exogenous ROS-producing or -stimulating agents, intra-cellular ROS levels in tumor cells would sooner reach the threshold to trigger death than those in normal cells. This is because of the higher basal ROS level in tumor cells due either to increased ROS generation or an impaired antioxidant system. According to this "ROS threshold theory", the radiosensitization mechanism in these experiments may be explained by lipophilic decyl TPP+-mediated reduction in ATP-dependent survival systems in the presence of an apparent increase in harmful ROS. As shown in Figs. 5A and 6, M10T inhibited radiation-induced increases in ATP but not mitochondrial membrane potential. This observation may indicate that M10T predominantly inhibits downstream sites in the ETC such as complex IV or ATP synthase. But, further experiments will be necessary to clarify this radiosensitization mechanism.
In summary, lipophilic decyl TPP + derivatives such as M10T, M10T-Me, and M10 enhanced radiation-induced cell death by decreasing intracellular ATP levels, suggesting that the ATP increase response after tumor cells are exposed to ionizing radiation is an adaptive response against oxidative damage as a post-irradiation event.
Furthermore, these results indicate that TPP cation conjugated with a long hydrocarbon linker is a candidate novel radiosensitizing agent, targeting radiation-induced activation of mitochondrial ETC in tumor cells. The effect of combination treatment with Mito-tempol derivatives and X-irradiation on cellular ATP production. Twenty-four hours after treatment with each compound (1.5 µM) and subsequent X-irradiation (10 Gy), HeLa cells were collected. ATP production in cells after treatment was assessed by an ATP-dependent luminescence assay. The data were shown as relative values normalized to untreated controls. Data are expressed as means ± S.D. for three experiments. *p < 0.05, **p < 0.01, significant difference vs. no irradiation control in each compound. † †p < 0.01, significant difference vs. no treatment control. N.S., not significant. The IC50 values were calculated based on survival curves using Origin Pro 7 software. The biological parameters and sensitizer enhancement ratios (SER) were calculated based on survival curves. Calculation formula is shown in Materials and Methods. 
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